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ABSTRACT
The geometrical shapes and the physical properties of stel-
lar wind – interstellar medium interaction regions form an
important stage for studying stellar winds and their embed-
ded magnetic fields as well as cosmic ray modulation. Our
goal is to provide a proper representation and classification
of counter-flow configurations and counter-flow interfaces in
the frame of fluid theory. In addition we calculate flows and
large-scale electromagnetic fields based on which the large-
scale dynamics and its role as possible background for parti-
cle acceleration, e.g. in the form of anomalous cosmic rays,
can be studied. We find that for the definition of the bound-
aries, which are determining the astropause shape, the num-
ber and location of magnetic null points and stagnation points
is essential. Multiple separatrices can exist, forming a highly
complex environment for the interstellar and stellar plasma.
Furthermore, the formation of extended tail structures occur
naturally, and their stretched field and streamlines provide
surroundings and mechanisms for the acceleration of parti-
cles by field-aligned electric fields.
1 Introduction
When stars move through the interstellar medium (ISM), the
material released via their winds collides and interacts with
the ISM. This interaction produces several detectable struc-
tures, such as stellar wind bow shocks when stars move with
supersonic speeds relativ to the ISM. Furthermore, a termi-
nation shock can form, where the supersonic stellar wind
slows down to subsonic speed, and in between this termina-
tion shock and the outer bow shock a contact surface forms,
separating the subsonic ISM flow from the subsonic stellar
wind flow. This contact surface is called the astropause and
has at least one stagnation point at which both flows, the stel-
lar wind and the ISM material stop and diverge.
In downwind direction, a tail like structure can form,
which is the astrotail. The tail is not only proposed by the
result of simulations, but also by the fact that stretched field
or streamlines minimize the corresponding tension forces,
so that the configuration is able to approach an equilibrium
state. Such bow shocks and astrotails have been directly ob-
served, e.g., around asymptotic giant branch stars (e.g., Ueta,
2008; Sahai and Chronopoulos, 2010), and have been pro-
posed to exist also around the Sun (e.g., Scherer and Fichtner,
2014).
Typically, a magnetic field is embedded in the ISM. For
stars with a strong magnetic field, the wind is magnetized
as well. Hence, different null points can appear, one of the
flow and one of the magnetic field, which are not necessarily
at the same location, unless the magnetic field is frozen-in
(see, Nickeler and Karlicky´, 2008). The formation of a stag-
nation point of the flow or of a magnetic neutral point is cru-
cial for the understanding how an interface in the form of
an astropause forms between the very local ISM and a stel-
lar wind. The best object to study counterflow configurations
observationally is the heliosphere, where spacecrafts such as
Voyager 1 & 2 and IBEX perform in situ measurements of
the plasma parameters (e.g., Burlaga et al., 2013; McComas
et al., 2013; Fichtner et al., 2014). However, an interpretation
of these observations is not always straight forward. While
strong indications for the crossing of the termination shock
of Voyager 1 exist, it is yet unclear and contradictory whether
the heliopause region was already left (Burlaga et al., 2013;
Burlaga and Ness, 2014; Fisk and Gloeckler, 2013; Gurnett
et al., 2013).
The problematics of computing counterflow configura-
tions have been attacked from different viewpoints, such as
hydrodynamics (see, e.g., Fahr and Neutsch, 1983b), kine-
matical magnetohydrodynamics (MHD) (see, e.g., Suess and
Nerney, 1990; Nerney et al., 1991, 1993, 1995), and self-
consistent MHD (see, e.g., Neutsch and Fahr, 1982; Fahr and
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Neutsch, 1983a; Nickeler and Fahr, 2001, 2005, 2006; Nick-
eler et al., 2006; Nickeler and Karlicky´, 2006, 2008), focus-
ing on different aspects and regions within the astrosphere.
We are aware that fluid approaches like MHD are strictly
valid only for collisional plasmas, but are frequently applied
to collisionless configurations like magnetospheres, coronae
or astrospheres. The alternative approach, kinetic theory, is
not applicable because of the difference of kinetic and macro-
scopic scales.
It is evident that numerical simulations allow to study
more involved physical models (like full MHD), which can-
not be solved analytically. On the other hand, the above
cited analytical studies, including the present, have the ad-
vantage that they provide exact solutions, and they allow
us to analyse physical and mathematical effects in great
detail. In particular, analytical investigations are indispens-
able for studying how the distribution of the magnetic null
points/stagnation points determines both the topology of the
streamlines/magnetic field lines and the geometrical shape of
the heliopause.
In this paper, we provide exact mathematical definitions
of astrospheres and astropauses. We discuss possible shapes
with respect to the spatial arrangement of the stagnation
and/or null points and emphasize the role of the directions
of flow and field of both the ISM and the star. Furthermore,
we discuss the role of magnetic shear flows as possible trig-
ger for particle acceleration (e.g., ACRs) in the heliotail.
2 Geometrical shapes and topological properties of
astropauses
The geometrical shapes of astropauses depend on the
strengths and directions of the two involved flows (stellar
wind and ISM flow) and their electromagnetic fields. The
fact that most of the ISM flow cannot penetrate the stellar
wind region but is forced to flow around defines the boundary
called astropause. In the mathematical sense, the streamlines
in the local ISM and in the stellar wind region are topolog-
ically disjoint. Still, different possibilities for the definition
of the physical astropause exist. One way to define the loca-
tion of this boundary might be to use the stagnation point of
the flow as criterion. This stagnation point is the intersection
of the stagnation line and the astropause (separatrix) surface.
The stagnation line is this streamline along which all fluid
elements heading towards the astropause and coming from
opposite directions, i.e., on the one hand from the ISM and
on the other hand from the star, are decelerated down to zero
velocity. However, such a definition is only useful in a single-
fluid (i.e. classical HD or MHD) theory, while in a more
general multi-fluid model different pauses (i.e. one for each
component) exist. Here a definition via a stagnation point of
the flow is not unique. A precise way is thus to use the null
point of the magnetic field, and to transfer the concept of the
stagnation point of the flow to the magnetic field configura-
tion. Such a definition via the null point of the magnetic field
makes only sense as long as the star itself has a magnetic
field, strong enough to be dynamically important. Here, we
focus on stars with magnetic fields, for which the astropause
can be uniquely defined as the outermost magnetic separa-
trix. The most well-known magetic star is our Sun with its
boundary, the heliopause.
2.1 Definition of a separatrix
The field lines of a vector field are typically represented by
the trajectories of a corresponding system of ordinary dif-
ferential equations, the so-called phase portrait. Physically
interesting phase portraits are those in which null points ex-
ist. Then, a topological classification of the local vector field
can be performed by analysing the eigenvalues of the corre-
sponding Jacobian matrix of the vector field at the null point
(see, e.g., Lau and Finn, 1990; Arnol’d, 1992; Parnell et al.,
1996). The configuration of the vector field in the vicinity
of the magnetic null point depends on the dimension of the
considered problem. For instance, in 3D, the magnetic null
point is the intersection of the 1D stable or unstable subman-
ifold termed the spine, with a 2D unstable or stable manifold
termed the fan. This 2D manifold is termed the separatrix (or
pause). In cartesian 2D, the magnetic null point is the inter-
section of two separatrix field lines of which one is called
stable and the other one is called unstable. This null point in
2D is of X-point type. Trajectories, i.e., streamlines or field
lines, of the vector field are called stable, when the stream-
line or field line points towards the null point, while they are
called unstable when they point away from the null point.
Such configurations can only be obtained if the eigenvalues
of the Jacobian matrix of the vector field at the null point are
of so-called hyperbolic or saddle point type. More specifi-
cally, in 2D the eigenvalues are real and have opposite signs,
while in 3D the situation is more complex. Here, the real
parts of the eigenvalues should not vanish and always two of
their real parts have the identical sign. Basically, this separa-
trix concept is valid also concerning the flow field in HD or
MHD.
The definition of a separatrix was so far only restricted
to a scenario with a single, isolated null point. In real astro-
physical scenarios, multiple null points may exist, depending
on the complexity of the stellar wind and its magnetic field.
Therefore, multiple and highly complex, maybe even nested
separatrices may occur. For instance, Swisdak et al. (e.g.,
2013) find that the heliopause can be considered as a region
consisting of bundles of separatrices and magnetic islands,
resulting from magnetic reconnection processes, which form
a porous, multi-layered structure. Examples of multiple and
nested separatrices originating from X-type null points are
shown and discussed in the following.
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Figure 1. Shape of the separatrices in dimensionless units for the case of two null points lying on the x-axis. Shown are the field lines (i.e.,
the projection of the contour lines of A into the x− y-plane). One null point is fixed at u1 = x = −1, the other one, u2, is at x = 1 (symmetric,
left top), x = 0.8 (left middle), x = 0.6 (left bottom), x = 0.3 (right top), x = 0 (Parker scenario, right middle), x = −0.5 (right bottom). In the
Parker scenario, the second null point disappears (coincides with the pole) and therefore also the dipole moment. The separatrices defined by
u1 are plotted with strongest, those defined by u2 with medium, and field lines are shown with normal line width.
2.2 Determination of the global shape of astrospheres:
distribution of null points for pure potential fields
To compute non-linear MHD flows with separatrices as we
will do in Sect. 3, geometrical patterns are needed for the
structure of the corresponding flows and fields. To obtain
such patterns, we start from the simplest possible fields, the
potential fields, and investigate how separatrices form and
how they are shaped by different spatial distributions of null
points. The advantage of using potential fields is given by
the fact that these fields obey a superposition principle, i.e.,
they are linear, and every null point is automatically an X-
www.jn.net J. Name
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point of the magnetic field. In addition, potential fields have
no free magnetic energy (i.e., they are stable) and can easily
be mapped to non-linear fields by either generalized contact
transformations or algebraic transformations. The concept of
contact transformations was presented, e.g., by Gebhardt and
Kiessling (1992) and later on used and refined by Nickeler
and Wiegelmann (2010, 2012); Nickeler et al. (2006, 2013)
to describe the MHD fields of different space plasma environ-
ments, while the algebraic transformations were introduced
by Bogoyavlenskij (2000a,b, 2001, 2002).
As was shown by Fahr et al. (1993) in the case of pure
HD and by Nickeler et al. (2006) in the case of MHD, the
number and spatial distribution of the hyperbolic null points
determine the topological scaffold of an astrosphere. This, in
combination with the assumption of a homogeneous back-
ground field as asymptotic boundary condition, allows us to
describe the general shape of its field and streamlines. In the
current paper, we aim at giving a qualitative overview of the
different scenarios. For the detailed theoretical description
and treatment we refer to Nickeler et al. (2006).
If several hyperbolic null points exist, which of the sepa-
ratrices defines then the real pause? What can be said about
multiple null points is that they all have to be non-degenerate,
because double or higher order null points are topologically
unstable (e.g., Hornig and Schindler, 1996).
Having discussed the general topological aspects, we now
focus on the geometrical ones, considering a simplified 2D
scenario, in analogy to typical flows in aero and fluid dy-
namics. While in the vicinity of the star the fields are full
2D to account for a variety of multipolar field structures,
asymptotically, i.e., far away from the star in downwind di-
rection, the field converges to a tail-like (1D) structure. Let
us start with the case of two null points in the frame of a 2D
cartesian potential field. We assume that the z-direction is
the invariant direction, which means that for all parameters
∂/∂z = 0. Further, x points to the downwind (i.e. tail) direc-
tion, and y in perpendicular direction. The global magnetic
field, B = ∇A(x,y)× ez, with the unit vector ez in z-direction,
can be described via complex analysis. As B should be a
potential field, it follows that ∆A = 0. To solve this Laplace
equation, we define a stream or, here, the magnetic flux func-
tion A by A = =(A), whereA is the complex stream or mag-
netic flux function. This complex flux function is obtained
from a Laurent series of the form (see, e.g., Nickeler et al.,
2006)
A = BS∞u+C0 lnu+ C1u + terms of higher order . (1)
In the following, we will neglect the higher order terms, so
that the complex magnetic flux function consists purely of
a monopole1 and dipole. Both multipoles are located in the
1The monopole is introduced as a mathematical tool, used to
generate radial streamlines (i.e. the stellar wind) and radial (i.e.
open) field lines. Without it, the streamlines and magnetic field lines
would otherwise always be closed.
origin. Here, u = x+ iy is the complex coordinate, BS∞ is the
asymptotical boundary condition limB = BS∞ for |u| → ∞,
i.e., the background field, and C0 and C1 are the monopole
and dipole moments, respectively. For the case of two null
points, these moments have the following form
C0 = −BS∞(u1 + u2) and C1 = −BS∞u1u2 (2)
where u1 and u2 are the complex coordinates of the two null
points.
The simplest scenario is the one with two symmetric null
points (u1 = −u2). In this case, only the dipole moment ex-
ists, and we can interprete this with a star with a dipole
magnetic field embedded in a homogeneous magnetic back-
ground field. Such a scenario is an analogy to the classical
hydrodynamical example of a cylindrical obstacle in a ho-
mogeneous flow. If we assume the star is located at the ori-
gin of a cartesian coordinate system and the flow is parallel to
the x-axis and streams in positive x-direction, the separatrices
form a circle in the (x,y)-plane, where the stagnation lines lie
on the x-axis and intersect the circular separatrix from both
sides at the two null points and pass through the pole. This
is shown in the upper left panel of Fig. 1. The radius R of the
circular separatrix, and hence the location of the two sym-
metric null points, depends on the strength of the background
magnetic field (BS∞) and the dipole field via R2 = B0R20/BS∞.
The term B0R20 is hereby the dipole moment. Such a sym-
metric scenario is not very realistic, because it would imply
a completely closed separatrix. Hence, no plasma can escape
via the stellar wind.
To enable at least a half-open astrosphere, the second null
point (the one in the downwind region) must be located
closer to the pole. The shape of the resulting separatrices for
different pole distances are depicted in the series of plots in
Fig. 1. When moving the second null point towards the pole,
one can notice several effects. First, the separatrix resulting
from the first null point ‘opens’ in the downwind region. Sec-
ond, an inner, closed separatrix is formed that passes through
the second null point and through the pole. This separatrix
encloses now the dipolar field region, which became smaller,
and the dipole field weaker, if the same background field is
present. This inner separatrix meets the stagnation line from
the first null point at the pole. A measurable bundle of field
lines can leave the inner dipole region upstream, i.e., between
the inner separatrix and the stagnation line. These field lines
origin from the monopole part of the field. They are deflected
at the outer separatrix so that they bend around the inner sep-
aratrix and extend as open field lines into the astrotail, form-
ing the inner astrosheath field lines. The closer the second
null point is located to the pole, the more opens the tail re-
gion.
As soon as the second null point ‘reaches’ the pole, it van-
ishes. Hence, only one real null point remains and the field
has only a monopole moment. This scene is shown in the
middle right panel of Fig. 1 and is similar to the Parker sce-
nario (Parker, 1961) for subsonic flows. If the second null
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Figure 2. As Fig. 1, but comparing separatrix shapes with only
one null point. Top: the symmetric Parker case (u1 = x = −1), and
bottom: the asymmetric case where u1 is rotated off the x-axis
by −pi/4, i.e., u1 = −1(cos(−pi/4) + isin(−pi/4)). The apparent non-
connectivity of some field lines at y = 0 and x < 0 is not real but
caused by the flip between Riemann surfaces.
point is located on the same side as the first one, i.e., in up-
wind direction (lower right panel of Fig. 1), the second sepa-
ratrix is also located in upwind direction and both null points
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Figure 3. As Fig. 1, but for an asymmetric case where the front null
point is rotated off the x-axis by −pi/4, i.e., u1 = −1(cos(−pi/4) +
isin(−pi/4)), and the other one is on the x-axis at u2 = x = 0.4. The
apparent non-connectivity of some field lines at y = 0 and x < 0 is
not real but caused by the flip between Riemann surfaces.
are physically connected by the stagnation line. In addition,
the monopole moment increases so that the astrotail becomes
even wider.
Restricting for the moment to a single null point, it is, of
course, not necessary that this null point is located on the
x-axis. For instance, with respect to the heliopause, measure-
ments from Voyager 1 indicate an asymmetry (Burlaga et al.,
2013). A natural way to displace the null point is provided
by the solar (or stellar, in general) rotation, which results in
a winding-up of the field lines and hence to a spiral structure
of the magnetic field. While the monopole moment in the
symmetric examples is a pure real number, it now becomes
complex. Hence, an azimuthal component of the outflow or
field occurs. The result is a displacement of the null point
off the x-axis. This is demonstrated in Fig. 2, where we plot
the asymmetric configuration2 in comparison to the symmet-
ric one. An even more complex situation is achieved when
a second null point exists in the asymmetric scene. Such an
example is shown in Fig. 3.
2Considering that Voyager 1 might have passed the stagnation
region at a distance of 123 AU (Krimigis et al., 2013), meaning that
within our scenario u1 would be at roughly 123 AU, our configu-
ration shown in Fig. 2 (bottom) and Fig. 3 might be approximately
scaled with 1:87 AU.
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Having multiple, nested separatrices, the real astropause
can be uniquely defined by the outermost magnetic separatrix
between the magnetized interstellar medium and the magne-
tized stellar wind.
3 Self-consistent non-linear MHD flows
The pattern of the potential fields, as we calculated in the pre-
vious section, serve now as static MHD equilibria (MHS).
These are then mapped with the non-canonical transfor-
mation method to self-consistent steady-state MHD flows.
Thereby we make use of estimated or observed physical
quantities, such as density, magnetic field strength, etc.,
within and outside the heliosphere. These quantities serve as
asymptotical boundary conditions, based on which some of
the coefficients of the mapping can be fixed.
Observations from Voyager 1 suggest that the plasma flow
in the vicinity of the heliopause and in the heliotail region is
approximately parallel to the magnetic field (Burlaga et al.,
2013; Fisk and Gloeckler, 2013). In addition, the plasma
within a stagnation region is incompressible. This can be un-
derstood in terms of the steady-state mass continuity equa-
tion
∇ · (ρv) = 0 ⇔ v ·∇ρ+ ρ∇ · v = 0 . (3)
When approaching the stagnation point, i.e. v→ 0, the term
v ·∇ρ in the second equation vanishes, implying that ρ∇ · v,
and in particular, as the density reaches a maximum, ∇ · v
has to vanish as well.3 The plasma flow on streamlines,
which originate in such stagnation point regions, transports
the property of incompressibility further into the tail region.
Hence, it is reasonable to investigate the heliotail and he-
liopause region using field-aligned, incompressible flows,
and the basic ideal MHD equations are given by
∇ · (ρv) = 0 , (4)
ρ (v ·∇)v = j× B−∇P , (5)
∇× (v× B) = 0 , (6)
∇× B = µ0 j , (7)
∇ · B = 0 , (8)
∇ · v = 0 , (9)
v = ±|MA|vA (10)
vA :=
B√
µ0ρ
, (11)
where ρ is the mass density, v is the plasma velocity, B is
the magnetic flux density, j is the current density, P is the
plasma pressure, MA is the Alfve´n Mach number, vA is the
Alfve´n velocity, and µ0 is the magnetic permeability of the
vacuum.
3This remains valid, even if ∇ρ happens to become extremely
large across the heliopause boundary layer.
Given solutions for pS and BS of the MHS equations
∇pS = jS × BS , (12)
and additional solutions for MA and ρ of the systems
BS ·∇ρ = 0 , (13)
BS ·∇MA = 0 , (14)
are the parameters needed to perform the transformation,
i.e., to compute the general solution (see, e.g., Nickeler and
Wiegelmann, 2012) of the system Eq. (4)-(11)
B =
BS√
1−M2A
, (15)
p = pS − 12µ0
M2A |BS |2
1−M2A
, (16)
√
ρv =
1√
µ0
MABS√
1−M2A
, (17)
j =
MA
µ0
∇MA × BS(
1−M2A
) 3
2
+
jS(
1−M2A
) 1
2
. (18)
Properties of these solutions are that the plasma density ρ,
the Alfve´n Mach number MA, and the Bernoulli-pressure
Π = P+ 12ρv
2 are constant on field lines. However, these pa-
rameters can vary perpendicular to the field lines, which
means that for example strong shear flows, implying a strong
gradient of the Alfve´n Mach number, produce strong cur-
rent densities (curent sheets). This is obvious from Eq. (18),
even if we start from a potential field, which implies jS = 0.
The occurrence of current sheets, especially around multi-
ple separatrices, is known, e.g., in solar flare physics, as cur-
rent fragmentation (e.g., Karlicky´ and Ba´rta, 2008a,b; Ba´rta
et al., 2010), or, in steady-state as fragmented currents (e.g.,
Nickeler et al., 2013). It should be emphasized that a similar
transformation can also be performed using super-Alfve´nic
flows.
In the following, we concentrate on the tail region, tak-
ing the symmetric Parker-like tail (top panel of Fig. 2). The
mapping ansatz we use was described in detail in Nick-
eler et al. (2006). The Alfve´n Mach number is defined via
M2A = 1− 1/(α′(A))2, where the prime denotes the derivation
with respect to A, and α is the mapped z-component of the
vector potential of A. This means that if BS = ∇A× ez and
α = α(A), then B = ∇α(A)× ez = α′(A)∇A× ez. Hence, α′(A)
is the amplification factor for the magnetic field strength, and
it results to
α′(A) =
1
2
 1√1−M2A∞ −
1√
1−M2A,i
 (19)
·
tanh
A√
1−M2A∞ B∞
− y1
d1
− tanh
A√
1−M2A∞ B∞
+ y1
d1
 .
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The ansatz for α′(A) is chosen in order to mimic two current
sheets located symmetrically at ±y1 around the heliopause
field lines, with oppositely directed currents. To compute the
Mach number profile and the current sheets, we use the fol-
lowing set of values (see, e.g. Frisch et al., 2012; Burlaga
et al., 2013): For the magnetic field of the interstellar medium
B∞ = 5µG, for the inner magnetic field strength in the tail
Bi = 4µG, the particle number densities of electrons and ions
are about equal and ne ≈ ni = 0.1 cm−3, the velocity of the
ISM plasma relative to the sun is v∞ = 25 km s−1, and the
Mach numbers of the ISM plasma and of the heliotail result
to MA∞ = 0.72 and MA,i = 0.52. These values might not be
absolutely true, but they are used here to provide a rough
idea of the global shape of the current sheets.
The Alfve´n Mach number profile for the chosen parame-
ters is shown in the top panel of Fig. 4. It is computed for
a thickness of the current sheets in the tail of d1 = 100 AU.
This is an unrealistic scenario, and is only shown to highlight
the current distribution in the tail (middle panel of Fig. 4). A
more realistic case for the current sheets requires much nar-
rower widths. This is depicted in the lower panel of Fig. 4
where we use a width of only 10 AU. Obviously, a reduction
in the width by a factor of ten leads to an increase of the
current strength by a factor of ten. At the boundary between
ISM and solar wind flows, Kelvin-Helmholtz-like or current
driven reconnection instabilities can occur due to shear flows
and extremely high current densities, respectively. These in-
stability regions are thus ideal locations for plasma heating
and particle acceleration.
4 Magnetic shear as trigger for particle acceleration
The separatrix regions and, in particular, the heliotail regions
can serve as important particle acceleration locations. This
assumption is supported by observations of both the cosmic
ray anisotropy and the broad excess of sub-TeV cosmic rays
in the direction of the heliotail. Lazarian and Desiati (2010)
propose that this excess originates from magnetic reconnec-
tion in the magnetotail. The heliotail/heliopause region was
also considered by Lazarian and Opher (2009) as an impor-
tant region for particle acceleration. In their approach, Lazar-
ian and Opher (2009) use a Spitzer-like resistivity and pro-
pose first-order Fermi acceleration as the dominant acceler-
ation process of energetic particles along the magnetotail.
In contrast, to approach the problematics of particle accel-
eration we focus on the magnetic shear generated by mag-
netic shear flows across the heliopause boundary. To reduce
the complexity of the problem, we shear here the magnetic
field only in z-direction. This guarantees that the current, and,
therefore, also the electric field, are aligned with the tail di-
rection.
We investigate the generation of parallel electric fields
and consider them as acceleration engines which, in solar
physics, is typically referred to as Direct Current (DC) field
Figure 4. Alfve´n Mach number profile (top, restricted to MA > 0.6
for displaying purposes) and resulting current sheets for a sheet
width of 100 AU (middle) and 10 AU (bottom). The current den-
sity of the poloidal magnetic field is here given in units of 2.65×
10−17 A m−2.
acceleration (see, e.g., Aschwanden, 2002). The link to so-
lar physics scenarios is obvious, as the acceleration process
www.jn.net J. Name
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takes place in a diluted plasma environment, i.e., in regions
of low density.
As the magnetic field jumps across the heliopause, the
magnetic shear in z-direction, Bz, is connected with a nar-
row current sheet located around the heliopause and extend-
ing into the heliotail. As in the tail region the flow is directed
along the field lines, the presence of a current density im-
mediately implies that even in such a field-aligned flow sce-
nario an electric field can exist due to the validity of resistive
Ohm’s law E+ v× B = η j, as long as the resistivity η , 0.
Furthermore, as was shown by Nickeler et al. (2014), the so-
lution of non-ideal Ohm’s law decouples from the rest of the
MHD equations as the flow is field-aligned. Therefore, the
only additional equation to be solved is
∇× (η j) = 0 , (20)
as E = η j and ∇× E = 0 (stationary approximation).
A reasonable resistivity should be valid in our steady-state
model and account for the case of a collisionless plasma.
While the Spitzer resistivity is effective only in collisional
plasmas, the turbulent collisonless resistivity (anomalous re-
sistivity due to wave-particle interactions) is usually not sta-
tionary.
The usual approach for the resistivity is to use the electric
force and to introduce some frictional force νvD acting on the
charges q, with the collision frequency ν and the drift velocity
vD (e.g. , 1977)
dvD
dt
=
q
m
E − νvD = 0 ∧ E = η j = ηnqvD (21)
⇒ η = mν
nq2
. (22)
For our collisionless plasma, we consider the interaction be-
tween the electromagnetic field and charged particles as a
substitute for collisions. This ansatz is motivated by the fact
that the interaction time, which is limited by the time the par-
ticle needs to cross the current sheet, i.e. the ”transit time” of
the particle within the system, is much shorter than the col-
lision time. Hence the collision time (collision frequency ν)
has to be replaced by the gyro-time (gyro-frequency qB/m),
delivering
η =
1
σg
with σg =
nq
|B| . (23)
where σg is the gyroconductivity, n and q are the parti-
cle number density and charge, respectively. This approach
was introduced by Speiser (1970) and Lyons and Speiser
(1985) and the resulting resistivity is called inertial or gyro-
resistivity. We want to emphasize that the substitution of the
collision frequency by the gyro-frequency automatically de-
livers huge resistivity values in the case of a diluted plasma,
which are only important for the generation of an electric
field in regions of strong current density and not in regions
where the field has the character of a potential field.
We use an approximate value for the magnetic shear of
Bz ≈ 10−11 Tesla, which is of the order of 10% of the heliotail
(or ISM) magnetic field strength and can be regarded as a
lower bound. For the typical lengthscale of the shear layer
we set l ≈ 103 km (e.g., Fahr and Neutsch, 1983a). Hence,
we can estimate the resulting current density via
| j| ≈ |Bz|
µ0l
= 5.3× 10−11 A m−2 . (24)
For density values of 104 m−3 (Fahr et al., 1986) and mag-
netic field strengths of 2× 10−10 Tesla typical for helio-
tail conditions, the gyroresisitivity η is on the order of
105 Ohm m. Consequently, the parallel electric field becomes
E‖ =
E · B
|B| ≈
η
µ0
| j| ≈ 10−6 Volt m−1 . (25)
Within the tail, the field lines are stretched, and the cur-
rent is concentrated around the heliopause region, providing
a sufficiently extended environment for accelerating particles
continuously along the magnetic field lines. Outside this nar-
row region, the current vanishes and hence also the electric
field, so that those astrosphere regions can be ideal.
Considering a relatively conservative case, in which the
field aligned electric field extends to about 100 AU, only,
meaning that the tail extends to just twice the distance than
the heliopause nose, the voltage seen by the particles is∫
E‖ds ≈ E‖ · s ≈ 107 Volt . (26)
This voltage can contribute to cosmic ray acceleration.
5 Discussion and Conclusions
We have shown that the distribution of null points and stag-
nation points defines the global topology and the large-scale
structure of an astrosphere. Multiple separatrices can exist
implying jumps (tangential discontinuities) of several phys-
ical parameters, such as the magnetic field strength, parti-
cle density, etc. As the outermost separatrix defines the as-
tropause, its global geometrical shape is hence also deter-
mined.
With respect to the heliosphere, the multiple decreases and
increases in the magnetic field strength as well as in other
physical parameters measured by Voyager 1 (Burlaga et al.,
2013) indicates several crossings of either one or several
individual separatrices. Such a scenario is in good qualita-
tive agreement with the multiple separatrix structures due to
more than one null point as proposed here and formerly by
Nickeler et al. (2006). A similar scene considering multiple,
nested separatrices and magnetic islands was recently sug-
gested based on detailed numerical simulations by Swisdak
et al. (2013).
Interestingly, our results for the two null point scenarios
also agree with the recently proposed presence of a helio-
cliff region inside the heliopause (Fisk and Gloeckler, 2013).
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In particular, the heliocliff might be interpreted as the sepa-
ratrix resulting from the second null point (as shown in the
middle left panel of Fig. 1), and the streamlines originating
from the monopole part, which bend into the heliotail, would
represent the open heliosheath as introduced by Fisk and
Gloeckler (2013). In the heliocliff region, the model of Fisk
and Gloeckler (2013) turns out to produce a super-Alfve´nic
field-aligned flow, while in our model the flow close to the
heliopause and in the heliotail region is field-aligned but can
also be sub-Alfve´nic.
Furthermore, the presence of magnetic shear flows can
produce vortex current sheets (Nickeler and Wiegelmann,
2012) leading to the generation of instabilities and magnetic
reconnection close to separatrices. In the current work we re-
strict our analysis to a maximum of two separatrices and we
apply the mapping only to the heliotail with one symmetric
separatrix (top panel of Fig. 2) with two current sheets. As
multiple separatrices can exist in the heliosphere, the pres-
ence of multiple curent sheets in the vicinity of these separa-
trices can lead to fragmented structures (e.g., Nickeler et al.,
2013; Swisdak et al., 2013). Introducing a non-collisional re-
sistivity, strong electric (DC) fields parallel to the magnetic
field can be generated, which can contribute to cosmic ray
acceleration as suggested by Nickeler (2005).
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